Electrocapillary behaviors for liquid Wood alloy in NaOH aqueous solution by applying external low voltage were investigated. The electrode reaction (redox reaction) induced the formation or removing of oxide lm, and further caused the drop deformation by decreasing or increasing of interfacial tension. The same polar charge in the electric double layer would also decrease the interfacial tension. In order to maintain the stability of the system, the contact area of the interface would be expanded, and induced drop deformation macroscopically. When the liquid metal was charged by the chemical reaction in the solution, the electric eld force is an effective way to drive it.
Introduction
Liquid metal has a wide variety of applications, including recon gurable antennas 1, 2) and lters 3) , optical switches 4) , and wearable electronics 5) , due to the basic properties of the metal, such as high electrical conductivity, thermal conductivity, and re ectivity, but also the dynamic nature of ow. At present, the study of electrowetting mainly focuses on the aqueous solutions or other organic uids on the surfaces of dielectric materials 6, 7) , by the consideration of potential application of varifocal lens and surface tension-driven micro-electromechanical systems (MEMS) devices, but the uids using the liquid metals are rarely concerned. Although Lippmann 8) applied a voltage between mercury and aqueous solutions allowed for controlling the position of the mercury meniscus in a capillary, and rst reported the electrocapillary phenomenon in 1875. Because of the volatility and toxicity for mercury and relatively high melting point of most metals, the liquid metal as a uid in electrowetting eld is not to be widely used in industrial application. Ga or its alloys are of great potential application at room temperature, but the high cost for obtaining of Ga also limited its widely application. Wood alloy (Bi-50%, Pb-25%, Sn-12.5%, Cd-12.5%) with the melting point 243 K (although it cannot be used as a room temperature metal directly), can be used in thermal energy storage 9) . The main chemical composition of Wood alloy are almost inert to the common solid metal 10) (such as Fe, Al, Cu etc.) below the boiling temperature of the aqueous solution, which may be another advantage for Wood alloy as a reliable metallic coolant ow.
For an aqueous drop, applied voltage caused the actuation of liquid is usually large (dozens to thousands of volts 11) ) which needs the supporting of high voltage devices. For a metallic drop, the oxide lm for most metals which would cover up the intrinsic wettability and prevent their ow. If the oxide lm is compact and irremovable, the role of applied current or electric eld on the deformation of the drop almost can be neglected under air condition. Using chemical aqueous solution as an active agent and together with the application of current or voltage to control the formation of oxide lm, the actuation of metallic drop can be realized 12) . Recently, the motion or deformation characteristics of liquid metal in an aqueous solution under various con gurations have become a focal point of research with several discoveries reported 13) . Brie y, the asymmetrical surface tension of the liquid metal sphere was induced when it was immersed in an aqueous solution by the applied current, as previously found 7, 14, 15) , and the liquid metal can be further manipulated to move between a pair of anode and cathode electrodes. Based on the above principle, liquid metal as tuning elements in the recongurable radio frequency devices was proposed 16) . Further, Marangoni ow at the surface of the liquid metal when activated by current signal was also found and used to make a pump 17) . Further research 18) has shown that the liquid metal marbles could be propelled by bubbles generated through a chemical reaction. However, used liquid metals are Ga or Ga-based alloys which are expensive and active. On the other hand, the melting process would absorb heat from surrounding due to the needed latent heat of fusion. Under this situation, if low power of an electrical signal can induce the ow of Wood alloy when the temperature is above 243 K, that may be an effective coolant ow and further can suppress boiling of the aqueous solution by convection when it is a speci c aqueous solution.
In this paper, we demonstrated a fundamental approach for propelling a liquid metal (liquid Wood alloy) sphere in an aqueous solution by the applied external electrical voltage, which may offer some basic theories in developing key technologies of cooling devices or other MEMS devices employing this principle.
Experimental
Wood alloy (Bi-50%, Pb-25%, Sn-12.5%, Cd-12.5%) with the melting point of 343 K (obtained by differential thermal analysis method (DTA, STA449-C, Netzsch, Germany) at a heating rate of 0.1 K) and 0.02 mol was used. The surface tension and the density of the alloy are 295 ± 10 mN/m and 9.60 ± 0.05 g/cm 3 (in liquid), were obtained by the sessile drop method in a high vacuum ( 3 × 10 −4 Pa) atmosphere based on the calculated result using axisymmetric drop shape analysis (ADSA) program. The details for such a sessile drop method were described in Refs. 19, 20) . The aqueous solutions, NaOH aqueous solutions with concentrations 0.015-0.35 mol/L were used in the experiments. The regulated DC source with graphite electrodes was applied for the actuation of liquid metal, and the temperature was set at 353 K by using a thermostat platform. Further, the interfacial tensions of the metal-solution interface were obtained by the sessile drop method and pendant drop method using Surface Meter (SME, OSA 60, NB Scienti c Instruments, China).
Results and Discussion
As known, the oxide lm covered molten metal would inuence the intrinsic wettability. Due to the huge difference of physical and chemical properties between metal s oxide lm and metal, the oxide lm will further change the shape of the drop by decreasing the interfacial tension. As showed in Fig. 1 , the fresh drop without and with oxide lm in Figs. 1(a) and (b), respectively. Without oxide lm, acted capillary force makes the shape of the drop to be spherical or nearly spherical. Conversely, the oxide lm makes it to be at. When the electric eld was applied on the drop in an air or inert atmosphere, electric eld force on the surface of metallic drop and the liquid-solid interface (for a liquid metal on a conductor surface) almost can be neglected. If the electrons gather at the interface and some of them can be intercepted when the external voltage was applied in the system, and then the status of interface (metallic status or oxidation status) might be changed. Also, in a metal-conductor interface, because of the electron cannot be blocked at the interface, the status of the interface cannot be changed by applied electric eld immediately. Only in long-term action of the electric eld at the interface, the effect of electromigration can be found by electronic wind and electrostatic force.
Applied electric eld in a speci c solution, the electric charge for liquid metal can exchange with ions which may induce the redox reaction at the interface between metallic drop and solution. Further, the removing or formation of the reaction products, i.e., the oxide lm, would change the shape of the drop based on the change of interfacial tension. Also, due to the different characters of liquid metal and solution, liquid metal is an isotropic conductor but the aqueous solution is anisotropic which depends on the distribution of ions. The electron may also segregate at the binary phases interface, and then change the interfacial tension. The electrocapillarity experiment was carried out: the liquid Wood alloy was immersed in NaOH aqueous solution (0.15 mol/L) with the different polar electrode in, and another electrode in the solution. As showed in Fig. 2(a) , the original oxide lm out the liquid metal was dissolved in the solution by the possible reactions (2Bi 2 O 3 + 3NaOH = Bi(OH) 3 ↓ + 3NaBiO 2 , mainly). When the anode with 5V voltage was put into the liquid metal, the shape of liquid metal changed to be at immediately, as showed in Fig. 2(b) . The liquid metal was gradually and allodially back to original shape, but this process was taken in a relatively long time ( dozens of seconds), in Fig. 2(c) . Conversely, when the cathode with the same voltage was put into liquid metal, the recovery procedure was shortened, almost immediately, as showed in Fig. 2(d) . In the previous situation, the electrode reaction takes place at the interface between the liquid metal and solution:
Due to the reaction product, O 2 , the surface of liquid metal would further be oxidized, and then the formed oxide lm covered the drop and changed the shape of the drop. In another situation, the reaction product (2H + + 2e − → H 2 ↑), H 2 , would reduce the oxide lm and then the role of capillary force is in domination. When the anode was put into the liquid Wood alloy, the caused variation of the interfacial tension (σ) by using different applying voltages was obtained by the sessile drop method, showed in Fig. 3 . The formed oxide lm out the drop which was caused by the applied voltages reduced the interfacial tension, de nitely. Such a variation can be described by a parabolic function (the red dash tting line in Fig. 3 ), and indicated that the variation of interfacial tension satis ed Lippmann-Young equation (i.e., σ
where σ 0 is the interfacial tension with no applied voltage, C is the capacitance of the interface, U is the applied voltage). Another detail is the phenomenon similar to the mercury beating heart 21) can be observed (Movie S1) in the latter situation. Basically, the poor wettability of graphite (electrode material) by the liquid metal and the same polar charge on both sides of the electric double layer (EDL), induced such a phenomenon. The poor wettability attempts to decrease the interface between the electrode and the liquid, but the same polar charge in EDL would reduce the interfacial tension and Fig. 1 The drop s shape become to be at when it was exposed to the air:
(a) fresh surface, (b) with oxide lm. attempt to increase the interface conversely. The EDL was disrupted gradually, which manifest as a phenomenon likes chemical oscillation. Base on the rapid reversible electrocapillary deformation, the liquid Wood alloy may be a candidate media for the interconversion between electrical and mechanical signals. Also, if the EDL can store more charge, low voltage triggered the oscillation of metallic drop might be applied in MEMs as an electro-motor. When liquid metal was put between two electrodes, the electrocapillary force driven motion and deformation of liquid metal could be observed, as be showed in Fig. 4 . Before applying DC power, the liquid metal was in near spherical, and when a certain voltage was applied, the liquid metal was stretched by the electric eld force. The sketch map in Fig. 4(c) of ionic distribution was simulated with COMSOL Multiphysics software (to some extension, it is also corresponding to the electric potential distribution), shows the inhomogeneous distribution. In this situation, ions were driven in directional migration (anion was driven to anode, and vice versa), and then a certain electric potential difference was caused between anode and cathode. As known, metals are good electric conductors, also as liquid metal. At arbitrary positions of liquid metal, the electric potentials are equal. However, the electric potential differences in the aqueous solution around the liquid metal still exist. In order to decrease the electric potential differences between electrodes, the liquid metal was stretched by the electric eld force also due to its exibility. On the other hand, when applying voltage was larger enough, the liquid metal can be pulled apart, and then one part was driven to anode and another part stay put. Or when the liquid metal s volume was smaller enough, it would move from cathode to anode, which indicates the liquid metal may carry the negative charge through reaction with NaOH. Further, the transmission of electricity is much easier through the liquid metal (due to the property of an electric conductor). The charge exchange from ions to liquid metal was taking place at the surface of the liquid metal to the position close to cathode where gather the kations. The result of exchange induces the formation of the oxide lm at the corresponding position, and then increases the frictional force. For the other side (gathered anions), based on Lippmann s theory, in a diffuse layer of EDL, both of adsorbed anions (faced to cathode) and the charge carried by liquid metal with the same polarity would present a repulsive interaction, and then increase the area of interface and further decrease the interfacial tension. Another experiment was also carried out, i.e., the threshold values of the applied voltage and NaOH concentration for the pulling apart of liquid metal with the constant amount of liquid metal ( 0.02 mol). The results were shown in Fig. 5 , the threshold value of applied external voltage decreased with NaOH concentration, and this relationship can be described by exponential decay function. Actually, in order to keep the stability of the whole system, when the interfacial tension between liquid metal and the aqueous solution was decreased, the interfacial area between them would increase until pulling into two parts. Therefore, the threshold value for the energy should be σ Me-A × S max , where S max is the maximum interfacial area before breaking of the elongated liquid metal. The corresponding energy should also relate to the energy for the reaction between liquid metal and NaOH which induced the negative charge in the liquid metal, and can be described qualitatively as following,
where f is the moles of adsorbed ions, G 0 is the standard Gibbs free energy for the reaction, R is gas constant, T is temperature in K, a OH − is the activity of OH -. The red dash line in Fig. 5 is the tting results using eq. (2), which describes the variation of U with NaOH concentration very well except for the little deviation at the high NaOH concentration. The saturation adsorption of ions or saturation charging in EDL may be the main reason for the deviation.
The pendant drop method in the aqueous solution was also adopted for the characterizing of the variation of interfacial tension under the control of extra voltage, as showed in Fig. 6 . The outlet of the syringe is 2 cm away from the plate electrode (with dimensions 2 cm × 2 cm). When no voltage was applied the drop is in equilibrium state only by the interaction with gravity and capillary, and the interfacial tension is 247 ± 10 mN/m; when the liquid metal was set as cathode, the surface of drop was adsorbed a lot of gas due to the reaction product by electrode reaction, and thus the interfacial tension cannot be obtained. Otherwise, the drop was stretched in the vertical direction, and the interfacial tension was decreased to almost half under 8 V voltage, as be shown in Fig. 6(b) . When the applied voltage increased to 12 V, the out ow of liquid metal became a ber after removing the pressure in the syringe until short circuiting takes place. Although both of the oxide lm and the role of electrocapillary would decrease the interfacial tension in this situation, the latter factor increases the interface obviously and nally induces this phenomenon.
Summary
By applying external voltage in the NaOH aqueous solution, electrocapillary phenomenon of liquid Wood alloy in this type of solution was observed. When electrode inserted into liquid metal, the oxide lm as a surfactant, the formation or removing of it induced by the electrode reaction (redox reaction), would further trigger the reversible deformation by decreasing or increasing of interfacial tension. The same polar charge in the electric double layer (mutual repulsion between liquid metal and the solution at the interface) would also decrease the interfacial tension. In order to maintain minimum energy of such a system, both of the above two factors for decreasing interfacial tension would increase the interfacial area and lead to the drop deformation macroscopically. When the liquid metal was charged by the chemical reaction in the solution, the electric eld force is an effective way to drive it. 
